Abstract-A split-band directly modulated fiber optical CATV system employing −1 side-mode injection-locked and semiconductor optical amplifier (SOA)-based optical single sideband (SSB) modulation techniques is proposed and experimentally demonstrated. For our proposed systems, it is relatively simple to implement as only one SOA is required. Excellent performances of carrier-to-noise ratio (CNR), composite second order (CSO), and composite triple beat (CTB) were achieved over a 100-km single-mode fiber (SMF) transmission.
INTRODUCTION
Distributed feedback laser diode (DFB LD) with direct modulation can be employed for transmitting CATV signals at very low cost compared to externally modulated fiber optical CATV systems. However, nonlinear distortions occur greatly when DFB LD is directly modulated with analog signals, and these distortions will cause severe system performance degradations. To reduce distortions generated from directly modulated systems, Meng et al. have reported that they can be suppressed with main mode optical injection locking [1] . In addition, side-mode injection-locked technique for greater distortions suppression has been proposed [2, 3] . And further, low fiber dispersion is necessary for analog optical links to get good transmission performances. Optical single sideband (SSB) modulation technique is an effective approach to overcome the fiber dispersion since the optical linewidth is reduced by a factor of two. Several approaches have been proposed to generate optical SSB signal. But, sophisticated sideband filtering technique [4] , expensive dual electrode Mach-Zehnder modulator (MZM) and phase modulator [5, 6] are required. In this paper a directly modulated fiber optical CATV system employing −1 side-mode injection-locked and semiconductor optical amplifier (SOA)-based optical SSB modulation techniques is proposed and experimentally demonstrated. This proposed approach is relatively simple to implement, as it requires only one SOA. Additional sophisticated technique or expensive optical devices are not required. Over a 100-km single-mode fiber (SMF) transmission, excellent performances of carrier-to-noise ratio (CNR), composite second order (CSO), and composite triple beat (CTB) were obtained in our proposed systems.
EXPERIMENTAL SETUP
The experimental configuration of our proposed split-band directly modulated fiber optical CATV systems employing DFB LDs with −1 side-mode injection-locked and SOA-based optical SSB modulation techniques is shown in Figure 1 . A multiple signal generator (Matrix SX-16) is used to simulate analog CATV channels (channels 2-78). The optical signals are transmitted through three SMF spans (20 + 40 + 40 km) with the help of one SOA and two erbium-doped fiber amplifiers (EDFAs). We place a variable optical attenuator (VOA) at the start of each optical link so that the optical power launched into the fiber is lower. Over a 100-km SMF transmission, the received optical signals were split by a 1 × 2 optical splitter, went through two separate optical band-pass filters (OBPFs) to select the appropriate wavelength, detected using two optical receivers, passed through two separate RF BPFs (50-330 and 320-550 MHz) to remove the spurious, and recombined the RF signals using a 2 × 1 RF combiner. CNR, CSO and CTB values were measured using an HP-8591C CATV analyzer over a 100-km SMF transmission.
EXPERIMENTAL RESULTS AND DISCUSSIONS
The resonance frequency f 0 in an injection-locked laser can be stated as [7] f 0 ≈ 1 2π
where F a and F I are the average photon densities of the mode a, and of the injected light, G a is the modal gain of the mode a; G a,n = dG a /dn; f is the intermodal spacing in the frequency domain. f 0 is enhanced with injection into negative mode greatly; it means that −1 side-mode injection-locked technique lets systems' performance improve significantly. The frequency response of DFB LD1 for freerunning, with −3 dBm main mode injection, as well as with −3 dBm −1 side-mode injection, is present in Figure 2 . In the free-running case, the laser resonance frequency is around 5.2 GHz. With −3 dBm main mode injection, the laser has a resonance frequency of about 18.3 GHz. With −3 dBm −1 side-mode injection; the laser resonance frequency is increased significantly to 25.2 GHz, which is more than 4.85 times (25.2/5.2 ∼ 4.85) laser resonance frequency of free-running case. With light injection, because of the coherent summation of externally injected and internally generated slave fields, the phase adds an additional dynamic variable. Consequently, a new resonant coupling between the field amplitude and phase appears and can dominate the laser resonance frequency. One key feature of injection locking is that the injected laser (slave laser) is forced to oscillate at the injection frequency. Therefore, the frequency component at the injection frequency becomes dominant. The injection locking behavior happens when an injection laser (master laser) is slightly detuned to frequency lower than that of the injected laser, i.e., negative frequency detuning is employed to achieve an injection locking [8] . As the −1 side-mode of DFB LD2 and LD4 are injection-locked, their −1 side-mode optical spectra shift a slightly longer wavelength (1531.72 and 1534.12 nm). the optical sideband at the right-hand side of the optical carrier was not changed, but the amplitude of the optical sideband at the lefthand side of the optical carrier was suppressed, i.e., the optical SSB signal was created. In this proposed systems, optical SSB signal was created and transmitted as the SOA input optical power was −5 dBm per wavelength (λ 2 and λ 4 ). Considering both self-phase modulation and self-gain modulation in the SOA, the electrical field of the output signal in an SOA can be expressed as
where E 0 is the output carrier amplitude; m is the input signal modulation index; ω m is the subcarrier frequency; ω 0 is the optical carrier frequency; α is the linewidth enhancement factor; η is a coefficient that depends on the gain feature of the SOA; P eff is the effective input optical power; β is the phase difference between the change of carrier density and change of input optical power. Expanding Equation (2) in Bessel series and neglecting high-order terms, the complex envelopes for the frequencies ω 0 + ω m (upper sideband) and ω 0 − ω m (lower sideband) can be estimated as:
where
. Then sideband suppression ratio (SSR) can be derived:
ρ is adjustable as a function of input optical power. Thereby, as
the maximum SSR can be obtained. The power level differences between the carrier and upper sideband for λ 4 at the SOA output at different input optical powers per wavelength are given in Table 1 . It can be seen that the power level differences of 26-34 dB are achieved. As optimal optical powers are launched (−5 dBm per wavelength), the maximum power level difference of 34 dB is obtained. Under this condition, it corresponds to Equation (4) as denominator is approached to zero. Figure 4 (a) shows the measured CNR values under NTSC channel number for free-running, with −3 dBm −1 side-mode injection and optical DSB-modulated, as well as with −3 dBm −1 side mode injection and SOA-based optical SSB-modulated, respectively. It can be seen that the CNR value is increased as −3 dBm optical power is injected into the slave laser. The CNR value depends critically on the optical input power; as the power injected into the salve laser is increased, the power launched into the EDFA is increased. The higher optical power is launched into the EDFA, the better CNR performance is 
where g(f ) is the gain of the laser medium as a function of frequency. Both IMS 2 and IMS 3 values can be very small as f f 0 . Since f is in the CATV band (55-550 MHz), far from the f 0 (25.2 GHz; with −3 dBm −1 side-mode injection), both IMS 2 and IMS 3 values become very small. The use of −1 side-mode injection locking technique greatly increases the laser resonance frequency, resulting in system with lower IMS 2 and IMS 3 , leading to improvements of CSO and CTB performances.
In addition, the CSO and CTB distortions are given by [9] CSO = 20 · log 
where N CSO(CTB) is the product count of second (third) order intermodulation; G (P, λ) is the gain of the EDFA; dG (P, λ)/dλ is the gain tilt of the EDFA; ∆λ is the spectral width of the optical signal. The use of SOA-based optical SSB modulation technique lets the spectral linewidth change from a broad linewidth into a narrow one, resulting in lower fiber dispersion. Then, there would be significant reductions in CSO and CTB distortions.
CONCLUSION
We proposed and experimentally demonstrated a split-band directly modulated fiber optical CATV system employing −1 side-mode injection-locked and SOA-based optical SSB modulation techniques. Our proposed scheme is relatively easy to implement, as only one SOA is required. Excellent performances of CNR, CSO and CTB were achieved over a 100-km SMF transmission.
